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The  toxicity  of  staphylococcal  cntcro- 
toxin  B  for  humans  and  experimental 
animals  has  been  investigated  for  several 
years  without  definitive  understanding  of 
the  mechanism  of  its  action.23  In  some  of 
these  studies,  including  autopsies  on  two 
children  who  died  after  ingestion  of  enter- 
otoxin  in  contaminated  goat’s  milk,1”*  the 
most  significant  pathologic  finding  has 
been  pulmonary  edema.  Systemic  adminis¬ 
tration  of  the  toxin  in  monkeys  was  said 
to  produce  lethal  pulmonary  edema,11  as 
did  the  accidental  instillation  of  toxin  into 
the  trachea  of  a  monkey  during  a  study 
of  the  gastrointestinal  pathology.8  A  re¬ 
cent  investigation  of  the  clearance  of  iso- 
topicallv  labeled  enterotoxin  following 
intravenous  administ  ition  revealed  the  ac¬ 
cumulation  of  toxin  in  the  lungs  of 
monkeys."'  There  have  been  no  publica¬ 
tions  on  the  pulmonary  pathology  of  ex¬ 
perimental  enterotoxemia.  A  report  of  the 
light  and  electron  microscopic  findings  in 
rhesus  monkeys  given  staphylococcal  en¬ 
terotoxin  B  intravenously  is  presented. 

METHODS* 

Rhesus  monkeys  obtained  from  com¬ 
mercial  sources  were  housed  locally  for  at 
least  90  days  before  use.  Young  animals 
of  both  sexes  weighing  2  to  4  kg.  each  had 
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no  known  prior  experience  with  cntcro- 
toxin.  nor  were  they  used  in  tiny  other 
experiment.  Purified  staphylococcal  entcr- 
otoxin  B.  in  the  form  of  a  dry  powder,18 
was  dissolved  in  pvrogen-freo  normal 
saline.  Between  8:30  anti  10:00  a.m.,  each 
monkey  received  a  single  rapid  intravenous 
injection  of  0.1  to  1.0  ml.  containing  from 
15  to  300  fj. g.  of  toxin  per  kg.  of  body 
weigh.*  The  monkeys  were  observed  every 
4  hours  and  were  sacrificed  with  intra¬ 
venous  sodium  pentobarbital  when  mor¬ 
ibund.  In  addition,  randomly  selected  ani¬ 
mals  were  sacrificed  at  1,  3,  6,  12,  24,  48, 
72,  90.  and  120  hours.  The  lungs  were 
excised,  freed  of  mediastinal  tissues,  and 
weighed.  They  were  fixed  by  endotracheal 
perfusion  with  2  per  cent  glutaraldehyde 
buffered  to  pll  7.2  by  0.1  m  phosphate  to 
give  a  total  osmolality  of  444  mOsmoles. 
The  perfused  lungs  were  immersed  in  the 
same  fluid  at  0-4°  C.  for  1  hour,  then 
sectioned.  Three  to  10  1-mm.  cubes  of 
tissue  from  representative  areas  of  each 
lung  were  taken  for  electron  microscopic 
examination  and  1-  by  1-  by  0.3-cm. 
sections  of  all  lobes  were  excised  for  paraf¬ 
fin  embedding  and  light  microscopic  study. 
Further  processing  for  electron  microscopy 
consisted  of  washing  in  buffer  adjusted 
to  444  mOsmoles  with  0.25  m  sucrose, 
mincing  in  buffer,  postfixing  in  osmium 
tetroxide  for  1  hour,  dehydrating  in  alco¬ 
hol,  embedding  in  Epon  812,  sectioning 
with  a  Porter-Blum  MT-1  microtome, 
treating  sections  on  unsupported  grids 
with  a  saturated  solution  of  uranyl  ace¬ 
tate,  and  examining  in  an  RCA  EMU  3-0 
microscope. 

Routine  sections  of  heart,  lymph  nodes, 
liver,  spleen,  stomach,  jejunum,  ileum, 
colon,  kidney,  and  brain  were  taken  from 
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e  lected  animals  for  light  microscopic  ex¬ 
amination. 

RESULTS 

Kadi  of  32  tlioiis  monkeys  was  given 
one  intravenous  injection  of  enterotoxin  in 
a  dose  of  In,  20.  MM),  or  300  /tg.  per  kg. 
of  body  weight.  These  doses  were  inter¬ 
mediate  between  a  previously  established 
effective  doseri„  .  I  // g.  per  kg.  as  measured 
by  vomiting.1"  and  a  lethal  dose;;,.  I  mg. 
per  kg.,r’  There  was  considerable  variation 
in  each  group  with  maximal  effect,  in 
terms  of  pulmonary  edema,  obtained  at 
20  n g.  per  kg.  At  each  dose  level  animals 
remained  aleti  and  active,  despite  an 
initial  episode  of  vomiting  and  a  persistent 
mild  diarrhea,  until  40  to  4S  hours.  At 
that  time  some  monkeys  refused  food  and 
became  lethargic,  with  slow  and  deep 
respiration,  progressing  to  stupor  at  the 
time  of  sacrifice  between  4"»  .and  oo  hours. 
Animals  failing  to  show  these  signs  by 


48  hours  invariably  remained  well  and 
had  no  evidence  of  pulmonary  edema  when 
sacrificed. 

The  presence  and  degree  of  edema 
were  measured  by  an  index  of  lung  weight 
to  body  weight.  Body  weights  ranged 
from  1.94  to  3.44  kg.,  and  lung  weights 
varied  from  10  to  f>‘>  gin.  'Pile  index 
ranged  from  0.0  to  23.  A  value  of  10  was 
established  its  the  upper  limit  of  normal, 
as  determined  by  numerous  controls  and 
confirmed  by  correlation  with  the  light 
microscopic  findings.  Twelve  monkeys 
were  sacrificed  prior  to  48  hours,  with  no 
clinical  evidence  of  illness  other  than 
diarrhea.  All  had  indices  below  10.  and  no 
pulmonary  pathology  was  found  by  light 
or  electron  microscopy. 

Among  the  remaining  20  monkeys,  only 
eight  had  an  index  above  10.  In  each  of 
I  hose  eight,  the  index  correlated  with  the 
degree  of  pulmonary  edema  seen  with  the 
light  microscope  and  with  ihc  presence  of 


l-'li..  1.  A  pulmonary  vcitl  (nhtin)  ;ill<l  arteriole  ( lnlntr )  lire  surrounded  liy  edema  toil- 
nil  Cist  It  lit  I  tissue.  X05. 

Pi,;.  2.  A  pulmonary  vein  lies  to  the  «/»/«»•  lilt.  The  adjacent  connective  tts-ne  i- 
edematous,  battle,  dilated  lymphatics  are  seen  to  the  riff  hi.  Xfl5. 
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lesions  found  in  the  electron  microscopic 
examination.  A  tietailed  description  of  the 
findings  in  these  eight  monkeys  follows. 

Limn'  Microscopy 

Lunya.  Marked  perivascular  interstitial 
edema  was  present  in  all  lobes  (Figs.  1  and 
21.  In  these  areas  lymphatic  vessels  were 
distended  by  large  quantities  of  amorphous 
eosinophilic  fluid,  occasionally  containing 
red  blood  cells.  Smaller  venules  were  fre¬ 
quently  distended  with  blood  cells,  yet  al¬ 
veolar  capillaries  were  not  significantly 
congested.  There  were  few  scattered  foci 
of  intraalveolar  edema  (Fig.  3).  in  which 
the  fluid  had  often  been  condensed  arti- 
factually  in  processing  into  coarse  granular 
and  fibrillar  eosinophilic  matter.  Some  al¬ 
veoli  an<l  the  septa  in  such  foci  contained 
an  excess  of  mononuclear  cells,  including 
finely  vacuolated  pulmonary  histiocytes 
and  plump  monocytes  without  lipid  vacu¬ 
oles,  and  a  few  lymphoctes  and  neutro¬ 


philic  granulocytes  iFig.  4i.  Lesions  of 
capillary  and  venule  endothelium  could  not 
be  discerned  in  either  standard  <5 -/*  paraf¬ 
fin-embedded  sections  or  in  l-/i  plastic- 
embedded  sections  at  magnifications  up  to 
X1250. 

(  iastroivtcstival  Tract.  Stomach,  jeju¬ 
num,  ileum,  and  descending  colon  were*  ex¬ 
amined.  There  were  no  significant  differ¬ 
ences  among  the  eight  monkeys  dying  45 
to  55  hours  after  enterotoxin  and  numerous 
control  animals  from  other  experiments. 

Other  Onjavs.  There  were  no  consistent 
or  significant  findings  in  lymph  nodes, 
heart,  spleen,  liver,  kidney,  or  brain. 

Elkctron  Microscopy 

Examination  was  limited  to  the  lungs. 

Venules.  Most  of  the  venules  examined 

showed  onlv  an  accumulation  of  sLghtlv 
*  “  * 

granular,  electron-opaque  fluid  in  the  ad¬ 
ventitia.  with  focal  separation  of  collagen, 
smooth  muscle,  and  elastic  tissue  of  the 


Kit;,  a.  Alveoli  contain  edema  fluid,  some  of  winch  is  coarsely  trranular  or  fibrillar. 
A  few  mononuclear  cells  are  found  in  septa  and  alveoli.  :<200, 

Km.  1.  The  inlerstitiimi  adjacent  to  a  venule  is  crowded  with  mononuclear  cell-. 
Small  h i ad  droplets  (ill  the  cytoplasm  of  two  such  cells  on  the  h  ft.  xfiSO. 
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!•*»«;.  5.  A  venule  with  lumen  O')  containing  a  rod  Mood  n  il  (dark  homogeneous 
I'odv.  crnli  i  ).  There  ar<  fori  of  endothelial  d<  generation  with  discontinuity  of  tla 
surface  (iimnrn).  A  hist  meyte  is  at  hnrrr  h-fl  and  two  alveolar  septal  cells  :ire  at 
mill-  and  »//;///  r  li  fl .  xofHKI. 


t  uuica  media  liy  tile  fluid  but  no  endo¬ 
thelial  lesions.  However,  an  occasional 
venule  displayed  focal  endothelial  cell  dis¬ 
ruption  with  discontinuity  of  the  lining 
and  electron-dense  or  granular  alteration 
of  endothelial  cell  cytoplasm  (Fig. 
<imnrs).  Adventitial  edema  was  continuous 
with  the  excess  fluid  in  the  interstitium. 
and  red  Idood  cells  were  commonly  found 
in  these  extra  vascular  locations  (Fig.  0). 
Occasionally,  mast  cells  were  found  in  the 
walls  of  veins  and  venules;  they  were  not 
dcgranulatcd  or  otherwise  remarkable. 

Capillaries.  The  most  striking,  numer¬ 
ous.  and  diverse  lesions  involved  capillary 
endothelial  cells.  Complete  cell  necrosis 
was  defined  as  fragmentation  of  cell  con¬ 
stituents  with  interruption  of  the  plasma 
membrane,  increased  electron  opacity, 
dense  granularity,  and  swelling  t  Fig.  7l. 
/  )<  <I<  Herat  in  changes  were  defined  as  in¬ 
creased  density  and  granularity  of  the 
cvtnplasin  t  Fig.  Si.  marked  sw ■idling  of  the 


cytoplasm  with  rarefaction  and  dispersion 
of  organelles  (Fig.  Hi.  or  swelling  with 
increased  size  and  numbers  of  vacuoles  in 
the  cytoplasm  (Fig.  IOi.  Thus,  necrosis  is 
considered  an  extension  and  combination 
of  the  degenerative  changes.  In  each  ex¬ 
ample.  it  may  be  noted  that  the  necrotic  or 
degenerated  cells  retained  continuity  with 
entirely  normal  endothelial  cells. 

Crystalloids  were  encountered  occasion¬ 
ally  in  pulmonary  capillaries  from  both 
control  and  experimental  animals.  Within 
one  swollen  and  granular  capillary  endo¬ 
thelial  cell  t  Fig.  III.  such  a  crystalloid 
remained  intact  in  the  cytoplasm.  Tin- 
structure  shown  measures  approximatelv 
N00  by  d(i()  ni//  and  consists  of  a  lattice 
having  equal  periodicity  of  approximately 
2(i(>  \  in  both  directions.  As  seen  in  an¬ 
other  example  from  a  normal  monkey  t  Fig. 
I2».  there  may  be  some  relationship  to 
microtubules  at  the  periphery  of  the  lat¬ 
tice,  Another  form  of  crystal  lia-  been  de- 
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Fin.  0.  Interstitial  and  lirinnrrfiairc  (/).  The  alveolar  lumen  (A)  i.-*  .*il  u/t/u  r 

Portions  of  several  septal  <•« *| I-.  smooth  Hillside  (hilnir,  hfl),  iillil  bundles 

ol’  roll.iuiii  mu  I  elastic  tissue  :ir*‘  -|  *!•  •;«• !  by  fluid  conluiniim  ♦  *r.v  I  hrocyli  ■« 

(I).  XnOOO. 


scribed  in  tin*  •‘ii< lot liciiiim  ut  arteries.-1" 
Sonic  c*yt€»|»l:t.-iiii»*  bodies  wiiliin  otherwise 
intact  endot liclial  cells  Were  found  in  the 
c\|)ci‘inicntal  series  only,  and  (hey  appear 
to  represent  phagocytosed  material,  ol’ 
either  extraneon.'  or  intracellular  origin 
t  Figs.  Id  to  lot.  The  round.  homogeneous 
body  Oil  the  left  ill  the  endothelial  Cell  of 
Figure  Id  ha*  a  single  nieinhraue  and  may 
qualify  a.'  a  lysosonie.  Also  in  thi>  section 
is  an  irregularly  serrated  inclusion  of  un¬ 
known  type  in  the  inter.'t it ial  ti»tle  be¬ 
tween  the  epithelial  and  endothelial  ••ell 
basement  membrane.'  ui/t/ti  r  amnr  i.  Such 
a  'cparation  of  ha.'emeitt  membrane'  in  the 
alveolar  wall  'hould  not  be  attributed  to 
interstitial  edema.  a>  it  is  a  structural 
feature  of  normal  lungs.  IMnocytotic  vesi¬ 
cles.  which  are  evident  in  all  photographs 
of  capillary  etidotllelia.  were  not  delect¬ 
ably  mole  numerous  in  the  edematou' 
lungs. 

<  Mic  finding.  restricted  to  edematous 
lungs,  consisted  of  intracapillary  hernia¬ 


tion  of  endothelial  cells  t  Figs.  10  to  1 8 1 . 
Interstitial  fluid,  acting  perhaps  at  ji  point 
of  least  resistance,  accumulated  under  the 
attenuated  segment  of  endothelial  cell  cy¬ 
toplasm.  causing  it  to  be  lifted  off  the 
basement  membrane  and  to  protrude  into 
the  capillary  lumen.  In  Figure  17  it  is  pos¬ 
sible  to  trace  the  normal  endothelial  cell 
plasma  membranes  as  they  curve  upward 
in  a  hairpin  turn  tumor,  riijht  I  to  form 
the  large,  fluid-filled  bleb  in  the  capillary 
lumen.  On  the  lower  left,  the  intact  junc¬ 
tion  between  the  considerably  thinned  and 
stretched  cell  of  the  bleb  and  the  adjacent 
normal  endothelial  cell  is  seen  t Inivtr  ar- 
rmr  t.  Although  the  pressure  of  interstitial 
fluid  produced  a  considerable  herniation  of 
the  attenuated  endothelial  cell  in  Figure 
IS.  there  is  no  detectable  spreading  of  the 
collagen  bundles  lying  in  direct  continuity 
with  this  fluid  in  the  upper  left  of  the 
figure. 

The  endothelial  bleb  shown  in  Figure  Mi. 
although  also  enclosed  by  a  very  definite 
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Fin.  7.  Necrosis  of  capillary  endothelium  ( nnmrs ).  'Die  capillary  limit -it  IT’)  contains 
a  nil  Mood  cell.  The  thin  endothelial  seirnienl  l>t  loir  and  to  the  lif/h I  of  tin-  fi  ll 
blood  cell  is  normal.  Note  the  persistence  of  intact  junctions  between  this  cell  and 
the  gnumlnr,  dense,  swollen,  and  fragmented  endothelial  cells  to  the  h  ft.  <10.(XXI. 

Kin.  s.  Kndothelial  cell  degeneration  (nccoc).  Continuity  persist'  between  an  intact 
einlothelial  cell  (lift)  and  one  showing  increased  cytoplasmic  opacity,  dense  bodies, 
and  slightly  enlarged  vesicles  ( ri(/h !).  X20.000. 


double  row  of  plasma  membranes  to  in¬ 
dicate  lifting  of  an  intact  cell,  differs  front 
tin  following  figures  because  of  the  pres¬ 
ence  of  cellular  debris  within  it.  especially 
in  the  basal  portion  of  the  bleb  adjacent 
to  the  basement  membrane.  This  suggests 
that  some  damage  to  the  nonluminal 
plasma  membrane  may  have  occurred  to 
release  that  structure  from  its  connective 
tissue  attachments. 

Alveolar  Epithelial  Uuitnj.  Very  rarely, 
a  portion  of  a  thin  squamous  epithelial 
cell  (type  I  alveolar  lining  coll-i  was  sim¬ 
ilarly  raised  from  the  basement  membrane 
and  protruded  into  the  alveolar  space,  ap¬ 
parently  impelled  by  the  pressure  of  un¬ 
derlying  interstitial  fluid  l  Figs.  I(i  and  19*. 
Again,  the  presence  of  some  ill-defined 
debris  along  the  epithelial  basement  mem¬ 


brane  (Fig.  1(5 1  suggests  at  least  focal 
damage  to  the  plasma  membrane,  perhaps 
in  a  different  plane  of  sectioning,  as  the 
elevated  epithelial  cell  membranes  seelll  in¬ 
tact  wherever  they  are  sharply  cut. 

Actual  separation  of  alveolar  epithelium 
was  seen  in  a  few  sections.  Figure  20  shows 
such  a  gap  measuring  280  nip.  Fxtending 
through  the  space  from  basement  membrane 
to  alveolar  lumen  is  dense  fibrillar  material 
that  displays  the  220-  to  240-A  periodicity 
of  fibrin1-  under  higher  magnificat  ion.  Fibrin 
was  sometimes  found  in  the  interst it ium  and 
was  a  conspicuous  component  of  the  meager 
alveolar  exudate  i  Fig.  21  * . 

Th»*re  was  no  significant  alteration  of 
the  granular  pneumocytes  (type  II  alveo¬ 
lar  epithelial  cell-’ t  in  any  of  the  experi¬ 
mental  animals. 
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Kill.  ft.  Kmlnlhelial  t-t  11  dent  ntTMUtHi  < unniv ).  There  is  tmrl’net  ion  and  swellinn  of 
(lie  eyinphtsin.  Cuniinuiiy  with  I !»»•  unalTeeicd  '•** I J  (riftht)  is  mn int m »>»«•« I.  ( 'm ) >i lh« r.v 

htmi'ii,  X25.0OO. 

Flu.  10,  Kndnthchal  >*<11  < t«*ui‘iu-r:i 1 1< >u  tui-uur).  Tin*  swollen  tvll  contain.'  many  vacu¬ 
oles,  limnul  liy  *»ii ln*r  simile  nr  tlntihli*  menthrancs.  *25.000. 

Fli;,  U.  Kuilulliuli.il  i*i’ll  i|«*u>'i«*r»it ii *H .  A  swollen,  dense,  and  uianular  capillary  etululhc* 
lin  I  •■ell  contains  a  crystalloid  hiiftnr)  (see  lext,  pane  Hlfl).  (',  Capillary  lumen. 
X  25  ,000, 

Flu.  12.  Crystalloid  l'r<un  a  normal  monkey,  pulmonary  capillary  .iidoi iieimm  (sec 

te\’t.  psiili'  Hint  '  75,000. 

Flu.  Ul,  <  loplasline  mill  interstitial  inclusions.  A  capillary  emlolhelial  eell  contains 
a  lv*tist<mo  [Inn  if  Icjt  Hi fml  )  and  a  second  ilielll'-lou  (/tone  fiijiit  Hifuir).  Alinvc 
llietll  III  llu  illlel'tllium  lietweeil  the  epithelial  alltl  endothelial  hasrlilclil  lllf  mlit.'inc* 
(h//t),  there  is  another  niiuleiitifietl  inclusion  In/ijio'iintin  l.  X  15.000, 

Fin.  H.  lanlot In  hil  e*  ll  inclusions  ( (Ot'oir) .  x  1<!,(MK), 

I'lu.  IS,  f'.iiiloiliehal  eell  inclusions.  Within  a  proiuhcraiire  of  capillary  endothelial 
cytoplasm  lies  an  aumeiiate  of  ileiise.  partly  .sirueiiiretl,  ami  ineoiupletely  Imiuu<1  ma¬ 
terial.  *25,000. 

Flu.  10.  Kpltllellal  atl'l  emlolhelial  lilelis,  Frol  I'll!  1 1  III’  illlo  llie  alveolus  (.1*.  llie 
epithelial  eell  is  eleMilei.'  liv  tim  ly  nr.inuhu  fliiul.  The  plasma  nicmhraiics  appear 
intaei  where  the  sceliottinn  i>  sharp.  Within  the  l>lel>.  I\  int*  uii  the  Itax-tnciil  mein* 
hralle.  |s  some  ileltfls.  A  similar  appearance  IS  pro  aird  ii.V  an  eiltimhellal  cell,  which 
is  Ill’ll  il  into  the  capillary  lutucii  (t’>  by  Ihiitl.  The  membranes  auatti  'inn  uitaet, 
alihotiuh  more  cellular  t|el>rts  |s  noted.  v  15.000. 

I’ll..  I’, heels  III  t  ill-ilia.  A  lame  I  del  i  III  Hull!  produces  InTUIalloli  lit’  I  he  t  lull 

sciSUlep-  ot  I  lldol  lnllll'll  Illlo  llie  hllll'ti  ol  a  capillary  <(').  Till  I'o  ",  mi  i|Uis||uu  that 
llie  I  I1  Is  Illlai’l  sill,-,.  I  otilmmt  V  ul  llu-  Ii  diimt.'inl  loop  . ||*| t  II  maimli  I’  if  the  eel! 
call  1  seen  l  m fail ,  fii/hl ).  as  well  as  llie  juilclioti  with  the  l|:t<  <  nf  i  mlotb.  Ilal  n  !| 
hiit'ii  ,  Imthiiii )  I  he  plasma  lilt  min. [Ill*  all  Well  delim  o  ami  urn*  mil  !*al<h  I  l.e 
■  pill. .Ilal  ImscIIII'III  llletlllil  llte  al  f  til  till  >11 1  It  o|  llie  s;tr  UiaV  III  ti  ill.  tail  the 
etldol In  ilal  memlir.im  t*  iml  deleelabh  .--20.1)00. 
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1'uj.  IS.  Int ('rst it iul  edema  (/).  Tho  endothelial  coll  is  herniated  into  the  capillary 
lumen  (C),  hut  the  collagen  Imndles  at  tlx-  up/icr  left  are  not  spread  apart  or  otherwise 
abnormal.  The  remainder  of  the  endothelial  cell  contains  multiple  cytoplasmic  in¬ 
clusions  ( middle .  right).  A ,  Alveolar  lumen.  X  10,000. 

Fju.  19.  Kpitheliul  cell  herniation.  The  thin  segm  lit  of  a  sipiainous  cell  is  forced 
into  the  alveolar  lumen  (A)  by  the  pressure  of  underlying  edema  fluid.  The  plasma 
membranes  are  intact  and  the  basement  membrane  can  be  traced  across  the  mouth 
of  the  hernia  (arrow).  To  the  right  are  two  red  blood  cells  in  the  interstitium  (/) 
along  with  edema  fluid.  X  15,000. 

I'm.  20.  Kpithclial  cell  separation.  A  gap  between  the  thin  segments  of  s(|Uainous  epithelial 
cells  is  filled  by  fibrin  (/)  that  extends  from  basement  membrane  to  alveolus  (A),  where 
it  is  surrounded  by  portions  of  a  macrophage.  The  basement  membrane  appears  intact. 
X 25 ,000. 

Flo.  21.  Alveolar  exudate.  A  macrophage  (.»/)  has  abundant  fibrin  (/)  within  the 
grasp  of  its  pseudopods.  Cell  debris  is  also  present .  X7.500. 


Alveolar  Septa.  The  focal  inflammatory 
reaction  observed  with  the  light  microscope 
consisted  predominantly  of  cells  derived 
from  blood  monocytes*  Monocytes  were 
common  within  capillaries  ( Fig.  22 i.  his¬ 
tiocytes  were  numerous  in  the  inters! ilium 
(Fig.  5),  mid  macrophaycs  were  found  in 
the  alveoli  (Fig.  21).  The  cells  acquired 
abundant  rough-surfaced  endoplasmic  re¬ 
ticulum,  lipid  droplets,  autophagic  vacu¬ 
oles.  and  lysosomes  in  their  passage  from 
circulation  to  airway,  and  some  histiocytes 
were  seen  to  divide.  An  early  stage  in  the 
migration  of  a  ln'Uioeyte  into  the  inter- 


stitium  through  a  gap  in  capillary  endo¬ 
thelium  is  shown  in  Figure  22.  This  defect 
is  also  associated  with  interstitial  hemor¬ 
rhage.  as  indicated  by  the  red  blood  cell 
lying  outside  the  lumen.  Focal  hemorrhages 
were  common  in  tho  septa  and  about 
venules  I  Fig.  0).  Neutrophilic  granulocytes 
and  lymphocytes  were  present  in  small 
numbers  in  the  interstitial  tissue. 

DISCUSSION 

Pulmonary  edema  has  been  produced 
experimentally  l»v  a  variety  of  techniques, 
including  changes  in  the  gas  content  and 
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Fin.  22.  Kmigriition  of  a  monocyte.  A  large  monocyte  (.1/)  fills  a  sepbil  capillary 
ami  protrudes  a  portion  of  cytoplasm  through  a  gap  between  endothelial  cells  (nrmirs) 
to  reach  the  basement  membrane.  A  red  blood  cell  lies  external  lo  the  lumen,  although 
apparently  still  confined  by  another  endothelial  ceil  process  and  the  basement  membrane. 
('Oilagen  and  elastic  tissue  are  tightly  bound  in  the  interstitium  (/).  A,  Alveolar  lumen. 
*20,000. 


pressure  ot  inspired  air,1"'  2"  mechani¬ 

cal  obstructions  to  venous  drainage.1"  cer¬ 
tain  drugs  and  chemical  poisons,"-  and 
crude  bacterial  toxins.'  This  report  de¬ 
scribes  the  development  of  interstitial  pul¬ 
monary  edema  after  a  single  injection  of 
microgram  quantities  of  it  purified  bac¬ 
terial  protein,  staphylococcal  enterotoxin 
U,  in  rhesus  monkeys.  In  animals  dying  of 
enterotoxemia  between  45  and  55  hours 
after  injection,  pulmonary  edema  is  tin* 
most  important  pathologic  finding.  Lungs 
are  from  1.5  to  2.5  times  heavier  than  in 
control  animals.  The  fluid  is  predominantly 
confined  to  the  perivascular  and  peribron¬ 
chial  interstitial  space,  and  t lie  lymphatics 
in  these  areas  are  engorged.  Small  foci  of 
alveolar  edema  are  found,  its  well  as  oc¬ 
casional  mononuclear  cell  infiltrates  of  the 
septa  and  alveoli. 

The  ultras) ructural  basis  for  this  striking 


degree  of  interstitial  fluid  accumulation  ap¬ 
pears  to  be  toxic  damage  of  capillary  and 
venule  endothelium,  which  correlates  with 
the  observation  that  intravenously  admin¬ 
istered,  radioactively  labeled  enterotoxin 
B  accumulates  in  the  lungs  of  monkeys.5 
A  variety  of  degenerative  changes  leading 
to  complete  necrosis  of  capillary  endothe¬ 
lium  has  been  observed.  Some  of  these 
changes  have  been  reported  previously  in 
experimental  pulmonary  edema,  such  as 
cytoplasmic  vacuolation  and  swelling  ol 
rats  given  «-naphthylthiourca.'"  Diamox 
lucctazolamidei,'"  or  reduced  environ¬ 
mental  oxygen,'"  and  cellular  swelling  with 
rarefaction  of  the  cytoplasm  in  experi¬ 
mental  influenza  in  mice"  and  monocro- 
talinc  treatment  in  rats.-"  (it her  changes, 
such  as  increased  electron  opacity  and 
granularity  of  the  endothelial  cell  cyto¬ 
plasm.  have  not  been  reported  in  pulmo- 
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narv  edema  but  were  described  in  capillary 
damage  due  to  a  variety  of  experimental 
methods.81,  88  Similarly,  the  focal  endothe¬ 
lial  degeneration  described  in  venules  after 
entcrotoxin  injection  has  been  seen  also  in 
allergic  inflammation  in  rabbits.13, 87 

A  very  interesting  feature  of  the  capil¬ 
lary  lesions  seen  in  this  and  many  other 
studies4,  “  13  is  the  focal  nature  of  the 
damage,  so  that  injured  cells  retain  con¬ 
tinuity  with  moiphologically  normal  cells 
and  oven  show  varying  degrees  of  damage 
within  a  single  cell,  These  observations 
will  have  to  be  explained  by  any  mecha¬ 
nism  proposed  to  account  for  endothelial 
coil  injury.  Another  notable  feature  of  the 
experiment  is  the  delay  between  the  injec¬ 
tion  of  toxin  and  the  onset  of  edema.  Ef¬ 
forts  to  find  histologic  and  cytologic 
changes  with  both  light  and  electron  mi¬ 
croscopy  in  lungs  of  normal  weight  met 
with  failure.  Delays  of  approximately  the 
same  time,  48  to  72  hours  in  rats29  and  55 
hours  in  clogs,89  were  reported  for  the  pro¬ 
duction  of  pulmonary  edema  by  increasing 
oxygen  tension  in  the  inspired  air. 

Presumably,  the  passage  of  fluid  from 
the  bloodstream  to  the  interstitial  space  is 
facilitated  by  the  destruction  of  capillary 
endothelial  cells,  a  point  that  might  be 
proved  by  the  use  of  tracers.  Once  the 
fluid  has  reached  the  extravaseular  space, 
it  produces  significant  secondary  capillary 
and  alveolar  epithelial  lesions.  The  fluid 
accumulates  predominantly  in  the  ad¬ 
ventitia  of  veins  and  venules  and  the  con¬ 
tiguous  connective  tissue.  Alveolar  walls 
are  not  significantly  thickened  and  the  col¬ 
lagenous  and  elastic  tissue  of  the  septa  are 
not  noticeably  spread  apart  by  fluid.  How¬ 
ever,  many  alveolar  capillaries  display 
herniation  of  the  thin  segments  of  endo¬ 
thelial  cells  into  the  vessel  lumen  because 
of  the  accumulation  of  fluid  between  the 
plasma  membrane  and  the  basement  mem¬ 
brane.  A  similar  phenomenon  affects  the 
type  I  alveolar  epithelial  cell,  which  pro¬ 
trudes  into  the  alveolar  space.  In  both 
sites,  some  of  the  blebs  contain  cellular 
debris,  suggesting  that  some  damage  to  the 
cell  has  occurred.  In  other  examples,  how¬ 
ever,  the  cells  am  clearly  undamaged,  al¬ 
though  strikingly  thinned. 


Endothelial  blebs  have  been  described  in 
several  reports.  They  are  found  in  pulmo¬ 
nary  capillaries  of  rats  dying  of  anthrax 
toxin,1  in  rats  drowned  in  hypertonic 
saline,19  and  in  normal  rat  lungs  fixed  in 
phosphate-buffered  osmium  t  epoxide. 81 
Schulz”'  described  them  in  rats  given  «- 
nnphthylthiourea  and  claimed  that  they 
arose  from  the  enlargement  of  intracellular 
vacuoles  with  rupture  of  a  membrane- 
bound  bleb  into  the  vessel  lumen.  He  also 
saw  swelling  of  the  basement  membrane 
in  this  form  of  pulmonary  edema,  and 
stated  that  mechanically  induced  conges¬ 
tive  edema  and  increased  C(\»  in  the  in¬ 
spired  air  also  give  the  same  changes.  In 
Kisch’s  report9  of  “blisters”  in  the  endo¬ 
thelium  and  epithelium  of  rabbits  given 
epinephrine,  the  origin  of  fluid  in  the  bleb 
is  also  unclear.  The  author,  as  does  Schulz, 
suggests  an  intracellular  accumulation,  yet 
the  photographs  may  represent  an  extra¬ 
cellular  pressure  phenomenon  as  described 
above. 

The  lesions  observed  in  this  study  may 
have  several  deleterious  effects  on  pulmo¬ 
nary  physiology:  ( 1 )  Primary  injury  to 
the  capillary  endothelium,  in  addition  to 
promoting  edema  of  the  interstitium, 
could  directly  interfere  with  the  exchange 
of  gases  between  alveoli  and  the  circula¬ 
tion.  (2)  The  herniation  of  undamaged 
endothelial  cells  into  the  lumen  of  capil¬ 
laries  may  obstruct  blood  flow  in  such 
areas,  with  loss  of  functioning  parenchyma. 
(3)  Interstitial  perivascular  edema  has 
been  shown  to  elevate  imrapulmonary  ve¬ 
nous  pressure,31  further  impeding  the  cir¬ 
culation.  1 4)  Protrusion  of  alveolar  epi¬ 
thelial  cells  into  the  airspace  and  gaps 
between  epithelial  cells  may  interrupt  the 
normally  continuous  layer  of  surfactant 
that  lines  alveoli.  Thereby,  the  effective¬ 
ness  of  that  material  in  lowering  alveolar 
surface  tension  would  be  reduced,  and  focal 
collapse  promoted.17  (5)  The  exudation  of 
fibrin  through  epithelial  cell  defects  into 
alveoli  may  also  impair  the  activity  of 
surfactant  by  an  interaction  with  the 
lipoprotein.85  This  would  have  the  same 
consequences  of  alveolar  collapse  and  re¬ 
duction  of  the  surface  available  for  venti¬ 
lation  and  gas  exchange. 
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SUMMARY 

Interstitial  pulmonary  edema  was  pro¬ 
duced  in  rhesus  monkeys  l>v  intravenous 
injections  ol'  staphylococcal  enterotoxm  B, 
a  purified  protein  toxin.  The  primary 
pathologic  change,  as  revealed  by  electron 
microscopy,  was  capillary  endothelial  cell 
degeneration  and  necrosis,  with  less  fre¬ 
quent  damage  to  the  endothelium  of  venu¬ 
les.  Secondary  phenomena  were  interstitial 
hemorrhage  and  edema  and  a  histiocytic 
infiltrate.  There  was  striking  herniation  of 
capillary  endothelium  into  the  vascular 
lumen  which  may  contribute  significantly 
to  decreased  pulmonary  perfusion  in  this 
toxemia. 
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